Worldwide attention has been attracted to 1,4-dioxane because of its probable human carcinogenicity and frequent occurrence in surface waters and wastewaters. Thus, many countries and organizations have set limits for the amount of this material in drinking water and wastewater effluent. However, the removal of 1,4-dioxane during traditional treatment processes, even ozonation (pH < 7), has been limited. Therefore, 1,4-dioxane removal during catalytic ozonation was investigated in this study, and activated carbon was selected as the ideal catalyst. The removal efficiency of 1,4-dioxane by ozonation was promoted significantly using activated carbon compared with that of ozonation only. Tert-butyl alcohol significantly reduced the removal efficiency of 1,4-dioxane during catalytic ozonation, which suggested that hydroxyl radicals (·OH) were formed during catalytic ozonation and played an important role in decomposing 1,4-dioxane. Additionally, results concerning the stability of activated carbon indicated that the catalytic activity of this catalyst remained steady during ozonation.
INTRODUCTION
The non-volatile organic substance 1,4-dioxane (CAS No. Research concerning the fate of 1,4-dioxane in nine onsite industrial wastewater treatment plants also found that the removal efficiencies of 1,4-dioxane in most treatment processes were low (activated sludge, 16.2 ± 15.2%; rotating biological contactor, 10%; chemical coagulation reactor, 7.7 ± 3.0% and sand filtration, 1.1 ± 1.1%) (Lee et al. ) .
As an unstable and strong oxidant (E ¼ þ2.07 V), ozone has a high potential for discoloration, disinfection and organic matter removal; however, ozone cannot decompose several micro-pollutants such as 1,4-dioxane (pH < 7 
MATERIALS AND METHODS

Materials and chemicals
Certified 1,4-dioxane (purity >99.5%) was purchased from Given that activated carbon could adsorb pollutants, the removal efficiency of 1,4-dioxane during catalytic ozonation could possibly be influenced by adsorption. Original activated carbon and adsorbed activated carbon, which was used to adsorb 1,4-dioxane for 2 h, were collected and added into the 1,4-dioxane solution in the presence and absence of ozone, respectively. The concentrations of residual 1,4-dioxane in solutions were measured.
Analysis methods
The water samples after ozonation or adsorption were filtered by 0.22 μm filters to eliminate residual activated carbon. Thereafter, the liquid-liquid extraction method was used to transfer 1,4-dioxane from the water solution to methylene chloride, according to a previous study (Park et al. ) .
The concentration of 1,4-dioxane after extraction was determined by gas chromatography-mass spectrometry 
gas, ozone gas flow rate ¼ 1 L-gas/min, t ¼ 0.5 h, pH 7).
Figure 2 | DOC release after ozonation of activated carbon in ultrapure water
¼ 27 mg/L-gas, ozone gas flow rate ¼ 1 L-gas/min, pH 7). The pseudo-first-order kinetic model shown in Equation
(1) is a popular model to describe the reaction kinetics of AOPs:
where k 0 is a constant influenced by temperature, the concentration of ozone, pollutant, and catalyst dose, and C is the molar concentration of the pollutant.
By fitting the data of ozone with activated carbon in Figure 3 , the results showed that k 0 was 2.97 × 10 À4 s
À1
(R 2 ¼ 0.997) and 9.13 × 10 suggested that the removal of DOC during catalytic ozonation at the beginning was caused by 1,4-dioxane adsorption.
Notably, the residual DOC after catalytic ozonation for 30 min was significantly lower than that after adsorption alone. However, the removal rate of DOC was significantly 
ozone gas flow rate ¼ 1 L-gas/min, pH 7, AC ¼ activated carbon). 
Effects of radical scavengers
The changes in 1,4-dioxane concentrations after catalytic ozonation with and without TBA are shown in Figure 6 . 
Degradation stability of catalytic ozonation
To evaluate the catalytic stability of activated carbon, the catalytic ozonation reaction was repeated six times, keeping the same activated carbon in the reaction system and changing fresh 1,4-dioxane solution each time; the results are shown in Figure 7 . The removal capacity of 1,4-dioxane in the first cycle was nearly 12.3 mg/g; however, the removal capacity by catalytic ozonation decreased with increasing cycles and finally reached 7.6 mg/g after the sixth cycle.
Original activated carbon and adsorbed activated carbon, which had adsorbed 1,4-dioxane for 2 h, were added into the 1,4-dioxane solution in the presence and absence of ozone, respectively. The concentrations of 
